In the present study, PANI (Polyaniline)-nanofibers were synthesized by interfacial 
Introduction
Water is the most important resource on this planet. It is the basic necessity for survival of all living organisms and is used in agriculture and most of the industries. Among the chemical industries, dye industry is also one among them. Dye and its intermediates are used in textile, printing inks, paper, plastics, paint and food industries to add color and patterns [1] . charged thin-film composite hollow fiber nanofiltration membranes and observed rejections of 99.8%, 99.8% and 99.2% for Brilliant Green, Victoria Blue B and Crystal Violet respectively using the submerged filtration technique. Maurya et al. [11] successfully used Polysulfone-Polyvinlypyrrolidone ultrafiltration hollow fiber membranes for treatment of aqueous dye solutions such as Rhodamine B and Reactive Black-5 and observed a maximum dye rejection of 97% along with a maximum flux of 35 L.m -2 .h -1 . Afonso and Borquez [12] have adopted the ultrafiltration technique for treatment of seafood processing wastewaters and have shown that UF can be a promising technique for recovery of valuable proteins.
Hamid et al. [13] have prepared PSf/TiO 2 hollow fiber ultrafiltration membranes for the removal of humic acid and achieved rejection greater than 91% along with less fouling sensitivity to humic acid deposition. Yuliwati et al. [14] used PVDF based hollow fiber ultrafiltration membranes for treatment of refinery wastewater and reported flux of 82.5
L.m -2 .h -1 and maximum rejection of 98.8%.
Ultrafiltration is a well-established membrane technique and has been used for many applications. Ultrafiltration requires much lesser energy than nanofiltration and or reverse osmosis.. Ultrafiltration separation based on size exclusion or particle capture. Ultrafiltration can be applied in either cross-flow or dead-end mode. Adapting the cross-flow mode for dye removal from aqueous medium in addition to higher resistance to scale formation, has an added advantage that, it separates out the raw wastewater into purified water and a dye concentrate stream. This concentrate stream can be further processed to recycle and reuse salts and dyes and thus mitigate environmental pollution. In membrane based treatment of dye wastewater, there are multiple retentate streams which can be reused within the dyeing industry. Recovery of water and sodium chloride up to 99 % has been reported by Allègre et al. [15] [16] . The recovered water and salts have been successfully reused within the dyeing industry. Few other case studies [17] also report recovery of either water or added salts for reuse in the dye industries.
Recovery of dyes from wastewater are usually more difficult as most dyeing operations use many different colors and it may not be feasible to separate individual dyes to reuse. A textile plant in Liberty, South Carolina has reported a method of recovering indigo dye from the rinse water since 1981 [18] . Typically the process needs to be isolated before adding other dyes and an ultrafilter is used to recover the indigo dye at the process where it is generated.
This has yielded considerable cost savings from recovering the expense indigo dye and the cost for the dye recovery system was recovered before the end of its second year of operation [18] . It is reported that a project sponsored by the Environmental Protection Agency (EPA) has also set up a process for reclamation and reuse of hot rinse water and neural, anionic and cationic dyes [19] . nanoparticles and have observed enhancement in pure water flux, higher thermal resistance and larger pore size. Nanofiber incorporated membranes are expected to remove particles from the aqueous phase at a high rejection rate without significant fouling and have been proposed to be used for pre-treatment for reverse osmosis [25] . Nanocomposite membranes are observed to have increased membrane surface hydrophilicty, water permeability and fouling resistance. Antimicrobial nanomaterials such as nano-Ag and Carbon nano tubes (CNT) have been incorporated to inhibit biofilm formation. Jeong et al. [27] prepared thin film nanocomposite membranes for reverse osmosis application using zeolite nanoparticles dispersed within polyamide films and has reported increased permeability with higher zeolite nanoparticle loading where rejection was in excess of 90% at the 50% recovery and was comparable to commercial RO membranes.
Polyaniline (PANI) is an organic conducting polymer, which has been used for a wide variety of applications. It is also very easy to synthesize and has good environmental stability.
It has been used in ultrafiltration membranes, proton exchange membranes, gas separation and pervaporation membranes for many applications. PANI nanomaterials have been synthesized in various morphologies like nanoparticle, nanotube, nanoflake and nanofiber and used in polymer blends [28] . Some of the different methods used to fabricate PANInanofibers are hard and soft templates, interfacial polymerization, seeding, rapid mixing and electrospinning. PANI-nanofiber exhibits varied properties when compared to bulk PANI, which has increased surface area and better processibility [29] . Better processibilty relates to better dispersion and easier bonding during membrane formation. Polymer nanofibrous membranes are also reported to have many attractive attributes to increase membrane permeability [30] . Fan et al. [30] have shown that, the addition of PANI-nanofibers have resulted in improved membrane performance due to increased porosity and interconnected pores within the membrane structure.
Polyvinylpyrrolidone (PVP) is a water-soluble polymer and has been used as a poreforming agent for membranes. Chakrabarty et al. [31] demonstrated that, the addition of PVP to membrane casting solutions results in the increase of membrane porosity as well as increase in the number of pores.
Hollow fiber membranes have been used in several commercial applications such as bio-separations, water purification, wastewater treatment and gas separations due to their excellent mass-transfer properties. Hollow fiber membranes have higher surface area per unit of membrane module volume and hence increased water flux [7] . For preparation of the hollow fiber membranes, the parameters during spinning are very important and these are to be carefully controlled to prepare membranes of required characteristics for specific applications. Some of these parameters are the type of polymers, solvents used, additives added to the polymer dope, the rate of extrusion of dope solution and bore fluid, type of bore fluid, the air gap distance, and the type of coagulant and coagulant bath temperature [32] .
In view of the above observations and in order to enhance the membrane properties, it was planned to combine the properties of these individual components. In the present study, 
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Materials
Udel® P-1700 Polysulfone (PSf) pellets were obtained from Solvay company. Aniline was purchased from AnalaR Normapur®. 1N Hydrochloric Acid (HCl), n-Methyl-2-Pyrrolidone (NMP) and Ammonium Persulfate (APS) was purchased from Merck. Polyvinylpyrrolidone (PVP) and Reactive Red 120 (RR120) dye were procured from Sigma-Aldrich. The Molecular structure of RR120 is shown in Fig.1 . O-Xylene was purchased from S.D FineChem Ltd. Aniline was distilled under vacuum before usage and all other chemicals were used as received. 
Synthesis of PANI-nanofibers
PANI-nanofibers were synthesized by interfacial polymerization of aniline as reported in literature [33] . The reaction is allowed to continue for 120 minutes and the blue-green PANI-nanofiber precipitate was collected. The precipitated product is then washed with deionized water and methanol continuously and separated by centrifuging. The PANI-nanofiber product is then dried in oven for 48 hours and ground into a fine powder using mortar and pestle.
2.3Preparation of PSf/PVP/PANI-nanofiber dopes
The polymer solution used for spinning hollow fiber membrane is termed as 'dope'. 
Preparation of PSf/PVP/PANI-nanofiber hollow fiber membranes
The novel membrane is spun by dry-wet spinning method at room temperature by hollow fiber spinning machine as shown in Fig.2 . The polymer dope solution was pressurized through a spinneret by controlling the extrusion rate. The spinneret was placed at a fixed distance above the water bath for the dry-wet process. Distilled water was used as a bore fluid to create the hollow fiber. The hollow fiber that emerged from the tip of the spinneret was guided through the two water baths and carefully adjusted to match the free falling velocity. The fibers were then finally guided to a collection drum after the solidification process. The detailed spinning parameters are listed in Table 2 . 
Post-Treatment of PSf/PVP/PANI-nanofiber membranes
The newly spun hollow fibers were immersed in distilled water bath for 3 days, with daily change of the water to remove residual solvent. The hollow fibers were then post-treated with 10 wt.% glycerol aqueous solution as a non-solvent exchange for 1 day to minimize fiber shrinkage and pore collapse [14] . Finally the treated fibers were dried for 3 days and then they were used to prepare hollow fiber test modules.
Membrane Characterization
Morphology of the membrane
The surface and cross section morphologies of the membrane were studied using a table top
Scanning Electron Microscope (SEM) (Model: TM 3000, Hitachi). The hollow fiber membranes were immersed in liquid nitrogen and fractured to obtain its cross section. All samples were gold sputtered under vacuum before the SEM measurements.
Membrane Contact Angle
To evaluate the membrane surface hydrophilicity, the static contact angle was measured by sessile drop method using contact angle goniometer (Model: OCA 15EC, Dataphysics) [34] .
At least twenty water contact angles at different locations on membrane surface were averaged and reported.
Zeta Potential measurements
Zeta Potential was calculated after measuring the streaming potentials of the hollow fiber membranes. To study the nature of membrane surface charge between pH ranges of 2.0-7.0, a multi-point testing approach was adopted using a SurPASS electrokinetic analyser (Anton Paar, Graz, Austria). For the analysis, potassium chloride (1mM) was used as electrolyte and 0.1M Hydrochloric acid and 0.1M sodium hydroxide were used as titration solutions. All Zeta Potential calculations were the average of four measurements at the same pH.
Differential Scanning Calorimetry studies
Differential Scanning Calorimetry studies help us to measure the glass transition temperature (T g ) of the membranes. T g is a measure of the degree of rigidity of the polymer chain. The procedure for the testing was adopted as per reported literature [35] . (Model: Mettler Toledo DSC 822e). The membrane samples were weighed and heated between a temperature range of 30 -400°C at a heating rate of 10°C min -1 to remove the thermal history and were cooled thereafter from 400°C -30°C at a cooling rate of 10°C min -1 . The heating cycle was then repeated as earlier and T g of the sample was determined.
Filtration Studies
Pure Water Flux (PWF) studies
Filtration experiments were performed using self fabricated cross-flow filtration cell as shown in Fig.3 . 
Hazardous Dye rejection studies
The dye rejection performances of all hollow fiber membranes were studied using the crossflow filtration setup. 300 ppm of RR120 dye in aqueous solution was used as feed. The rejection studies were conducted at a constant pressure of 2 bar and permeate was collected for a known interval of time. The absorbance of RR120 dye was measured at 535 nm wavelength with a Hitachi U5000 spectrophotometer. Then the percentage rejection was calculated using the following equation, where, = rejection (%), and are the concentrations (mM) of permeate and feed solutions, respectively.
Since concentration is directly proportional to the measured absorbance, we can also calculate rejection using the following equation, where, = Rejection (%), and are the Absorbance values of permeate and feed solutions, respectively.
Antifouling studies
To evaluate the antifouling property of the membrane, after dye filtration for 60 minutes, the membrane was subjected to pressurized cleaning with pure water atincreased pressure of 4 bar for 10 minutes and then the flux of the membrane , was measured according to the method described earlier in section 2.7.1 at a pressure of 2 bar. The flux recovery ratio was calculated using the following equation, Where, is flux recovery ratio (%), and are the pure water flux (L.m -2 .h -1 ) and flux after cleaning (L.m -2 .h -1 ) of the membrane, respectively.
Results and Discussion
Synthesis of PANI-nanofibers
PANI-nanofibers were synthesized by interfacial polymerization of aniline monomer in acidic medium. Standard chemical oxidation polymerization of aniline yields agglomerated PANI without nanofiber morphology. In the interfacial polymerization technique, the polymerization reaction takes place at the interface of the two immiscible liquids [28] . The vigorous stirring results in the dispersion of o-xylene as micro droplets increasing the area available for interfacial polymerization. Nanofiber size and yield was affected by the mole ratio of oxidant to aniline [33] . As observed in SEM and TEM images and shown in Fig.4 , the PANI-nanofiber diameters were in the range of 60 -80 nm and length was around 150 -300 nm. PANI-nanofibers are hydrophilic in nature and hence increase the membrane wettability and subsequently the water flux when blending with polymer membranes [30] .
Fig. 4. TEM images of PANI coated TiO 2 nanotubes (A and B)
Membrane Morphology
The addition of PVP and PANI-nanofibers greatly increased the viscosity of the casting dope solution. The addition of PVP may have resulted in reduced interaction between PSf and NMP thereby reducing the solvating power of NMP [36] . Also, the increase in viscosity due to the addition of PANI-nanofibers may be due to its large chain dimension, which was easy to aggregate and its ability to gather NMP due to the high surface energy, which weakened
PSf and NMP interaction [36] . Thus, when increase of PANI-nanofiber concentration to 1.0 wt% of PSf, it was difficult to disperse them evenly in the casting dope solution and it clogged the spinneret during the hollow fiber spinning process.
From the SEM images of the membrane surface shown in Fig.5 , it is observed that, the membrane is having morphology with asymmetric pores and non-uniform distribution of pores. The cross section image showed that, the membranes have well formed asymmetrical structure with dense top layers and porous sub-layer. There were well-formed finger like pores of almost equal length, with interconnected macrovoids below both outer and inner surfaces demarked by a thin polymer layer. PANI-nanofibers have high surface energy and hydrophilicity, thus when the hollow fiber membrane was immersed in a water bath, the PANI-nanofibers may migrate from the polymer matrix towards the water bath so as to reduce the interfacial energy between the two phases [30] . The migration would leave cavities in the polymer matrix, which in turn would increase the membrane porosity and have interconnection between the finger like pores and macrovoids. This agrees with research of Fan et al. [30] , who reported higher membrane porosity and better interconnected pores in PSf/PANI-nanocomposite membrane compared to the neat PSf membrane. The PANInanofibers aggregate on the polymer-water interface skin layer leading to the dense top layer morphology and increases the membrane surface hydrophilicity. The membrane had a porous internal structure, which may be due to the addition of PVP in the polymer dope. PVP is a water-soluble polymer and hence most of it may be leached out from the polymer matrix when the membrane is immersed into water bath and these sites become micro pores [36] .
Also, there is an increase in the number of pores on the membrane surface due to PVP additive. The increase in pores may be due to increased viscosity of the casting solution and a reduction in the miscibility of the casting solution with water, which may increase the ratio of water inflow to solvent outflow resulting in a more porous membrane [31] [36].
Simultaneously, there is also a reduction in the size of the pores due to additives. The higher molecular weight additives may take longer time to reach the membrane surface during the membrane formation process which will give sufficient time for the polymer molecules to aggregate on top of it and form a denser skin layer with the relatively smaller size pores [31] .
However, Fan et al. [30] have reported a slight increase in the pore size due to the addition of PANI-nanofibers. Zhao et al. [36] found that, addition of PVP and PANI-nanofibers decreased the thermodynamic stability of the casting solution thus enhancing demixing of the casting solution. It was also reported that, there was a decrease of water intake during preparation leading to improvement in membrane structure and performance. 
Contact Angle
Contact Angle is a good indication of hydrophilic property of the material. The static contact angles for the new membranes measured by the sessile drop method are reported in Fig.6 .
From the figure it is clear that, the contact angle reduces with increasing concentration of PANI-nanofiber indicating an increase in the hydrophilicity of the membrane. As discussed in section 3.2, this may be due to PANI-nanofibers, which migrate towards the polymer-water interface and aggregate at the membrane surface [36] . The PANI-nanofibers being highly hydrophilic in nature may be responsible for reducing the water contact angle on the membrane surface. 
3.3Zeta Potential measurements
The different ionisable groups in the membrane material affect the zeta potential values of the membrane for range of pH. Zeta potentials calculated based on measurements of streaming potential of the hollow fiber membranes between pH ranges of 2.0-7.0 are shown in Fig.7 .
The pH dependent measurements enable us to identify the isoelectric point of the membranes [37] . The isoelectric point is the pH value when there is no charge present on the membrane surface. From the graph, we can observe that the isoelectric point of the membranes shift towards lower pH with increasing PANI-nanofiber concentration and that the membrane surface has a negative charge over almost the entire pH range tested. This is a qualitative indicator of electrostatic contribution to the rejection of dyes [20] . 
Differential Scanning Calorimetry (DSC) studies
DSC graphs for the new membranes are shown in Fig.8 . The glass transition temperature (T g )
of the membranes increase with increasing concentration of PANI-nanofibers and thus have higher thermal resistance [38] . Usually the dyeing and rinsing procedures on textiles are conducted at temperatures higher than room temperature and hence higher temperature wastewater is generated [7] [35]. Thus one can conclude that, the membrane has better resistance for treating higher temperature dye wastewater. during the membrane formation process, they migrate towards the surface of the membrane [30] . This migration through the polymer matrix, forms finger like interconnected pores in the membrane cross section. This increases flux and reduces resistance to flow of water through the membrane Also, due to the hydrophilic PANI-nanofibers moving to the surface, the membrane surface becomes more hydrophilic and this in turn increases wetting of the surface contributing to the increase in flux. PVP has been used as a pore forming agent and is reported to increase the formation of pores on the membrane surface [31] thus increasing flux of water through the membrane. Also, since PVP is a water-soluble polymer, it may be leached out from the polymer matrix when the membrane is immersed in water, causing the formation of micro voids and thereby increasing the porosity of the membrane [36] . 
Pure Water Flux (PWF) Studies
Hazardous Dye rejection and Flux Recovery Studies
The new membranes showed very good rejection for RR120 dye at 2 bar pressure. The % rejection of dyeincreases with increase in PANI-nanofiber concentration as shown in with a maximum value of 99.25% for M0.5 membrane. The new membrane shows increased dye rejection due to the additives and this can be attributed to 1) sieving mechanism due to reduced pore size, 2) electrostatic repulsion due to the residual negative charge on the membrane surface and 3) adsorption of the dye on the membrane surface. As observed, increase in PANI-nanofibers lead to increase in all of the above three rejection mechanisms mentioned above and result in increased dye rejection by the new membrane.
During the course of dye filtration, fouling is unavoidable [7] and hence the membrane flux reduces over a period of time. The decrease in flux may be attributed to dye adsorption on the membrane surface and pores. To evaluate the cleaning effectiveness and the ability of the membrane to recover flux after being fouled, it is subjected to cleaning with distilled water at increased pressure of 4 bar for 10 minutes and afterwards the pure water flux at 2 bar was again measured. Flux recovery ratio (FRR), which is a measure of the antifouling property of the membrane, was calculated and reported in Fig.11 . From the graphs, it is clear that increasing PANI-nanofiber concentration resulted in better flux recovery ratio. The presence of PANI-nanofibers on the surface skin layer results in increased hydrophilicity of the membrane, which may be responsible for the increased antifouling ability of the membrane. Hydrophilic surface may not be easily adsorbed by the dye molecules and thereby improves the antifouling property [36] . Thus we can conclude that the addition of PANI-nanofibers imparts the better antifouling ability to the membranes. 
Conclusions
The effects of PANI-nanofibers on the hollow fiber membrane structure and performance were analysed and reported. Filtration experiments were conducted to assess the applicability and performance of the membrane for rejection of RR120 hazardous dye from water. From the results obtained, the following can be concluded.
1. PANI-nanofibers in the range of 60 -80nm and length around 150 -300 nm were synthesized via. interfacial polymerization process by oxidation of aniline in acidic medium.
2. Novel PSf/PVP/PANI-nanofiber nanocomposite ultrafiltration hollow fiber membranes were prepared via dry-wet spinning technique. The novel membranes showed well formed asymmetrical structure with dense top layers and porous sub-layer.
3. The addition of PANI-nanofibers has resulted in a membrane with interconnected finger like porous structure and more hydrophilic surface. The addition of PVP has resulted in micro pores within the membrane structure with increased permeability. 
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